In order to describe the overall drought status objectively, a copula-based joint deficit index (JDI) was adopted for analyses of drought characteristics in Luanhe River basin. Monthly precipitation data from 1958 to 2011 selected from 26 rain-gauge stations were used for calculating the JDI. The JDI, which encompasses multiple deficit statuses over time scales from 1 to 12 months by using the 12-dimensional empirical copula, is shown to be capable of providing a comprehensive and objective assessment of droughts. In addition, it is demonstrated that both emerging and prolonged droughts can be captured by the JDI. Results of the drought evaluation over the Luanhe River basin indicate that the frequency of drought occurrence generally increases from northwest to southeast, and droughts observed in summer and autumn are more frequent and severe. Compared with the northwestern part of the area, the drought events in the southeast are characterized by longer duration and greater severity. Furthermore, a general tendency of drying is found in the flood season (July to September) over the basin, with significant aggravating trends in the southeastern part. These related drought characteristics could provide valuable information and references for regional mitigation strategies and water resource management.
sources. The amount of short-term precipitation directly affects soil moisture, and long-term precipitation totals mainly have an impact on water stored in other sources. It is thus obvious that drought is a result of the cumulative effects of water shortages over different periods of time; consequently its characteristics in terms of intensity, magnitude and duration vary with the time scale considered. For a drought assessment based on the SPI, a pre-specified time scale is unable to depict the entire drought condition, while inconsistent responses to different time scales will appear and cause confusion. Therefore, it is suggested that multiple SPIs with various time scales should be examined together to capture the overall drought status, combined with historical records and descriptions. Nevertheless, the final examined results are lacking in objectivity and probabilistic properties due to the subjective judgments involved.
On these grounds, Kao & Govindaraju () decisions on a regional scale, and to some extent become an obstacle to establishing an effective monitoring and forecasting system. It is thus necessary to perform an objective assessment of the overall drought condition based on a statistical drought index, straightforwardly providing an overall concise picture of drought status in the region.
According to Kao & Govindaraju () , the computation of JDI requires only precipitation time series with a 50-year minimum recording length. Moreover the JDI, simply the standard normal values, are climatologically consistent for any location. As for the Luanhe River basin focused on in this study, 54-year monthly precipitation data 
METHOD SPI and JDI
The SPI and the JDI used in this study were originally proposed by Mckee et al. () and Kao & Govindaraju () , respectively.
Let P(t) represent the precipitation measured at time t (Δt ¼ 1 month in this study). For a given w-month time scale, the aggregated precipitation X w (t) with respect to t is expressed as follows:
In order to reduce the degree of auto-correlation among samples and seasonal effects, 12 sub-series X w m were obtained by dividing the series X w based on its ending month:
where g ¼ 1, 2, …, n is the year index; m ¼ 1, 2, …, 12 is the month index, representing January, February, … December, respectively.
By fitting a two-parameter Gamma ( 
For the specified time scale of w months, the 12 sub- 
where i starts with the first month of a drought and continues to increase until the end of the drought (x) for any of the w time scale. M is commonly used for measuring the drought severity; the larger the value, the more severe the drought event. (), a 12-dimensional empirical copula function (Equation (5)) was employed to construct a non-parametric joint empirical probability distribution (Nelsen ).
where n is the sample size; I(A) denotes the indicator vari- For the given marginal sets {u 1 m , … , u 12 m }, the copula
Þmeasures the cumulative joint prob-
Kendall distribution function K c can provide the cumulative
As for the 12-dimensional empirical copula, an empirical distribution function K Cn can be used and is given by (Genest et al. ; Mirabbasi et al. ) :
where
The K c (q) represents the cumulative probability for events with the joint deficit status less than or equal to the given threshold q. Analogously to SPI, JDI is defined as follows:
Since the JDI is statistically similar to the SPI, the methods of drought classification and definition which are suitable for SPI can be adopted for JDI as well. For more details on calculating the JDI refer to Kao & Govindaraju () shows an increasing trend while a negative value shows a decreasing one. The Z can be calculated as follows:
where x is the variable with the observed time series (x 1 , … , x n ); n is the sample size; the test statistic S is approximately distributed normally when n ! 10, with its variance
Under the null hypothesis H 0 that x are independent and randomly ordered, when |Z| > Z 1Àα/2 , the H 0 is rejected and a significant trend exists in the time series. Z 1Àα/2 is the critical value of Z from the standard normal table, and for 10% significance level the value of Z 1Àα/2 is 1.28.
RESULTS AND DISCUSSION

SPI and JDI
The 1-to 12-month cumulative precipitation series for each month and each station are fitted with a two-parameter Gamma (G2) distribution, using the maximum likelihood (ML) method to estimate parameters of the distribution. According to historical records and related literature, drought events mainly occurred in 1961, 1963, 1968, 1972, 1980-1984, 1997-2007 and 2009 for the study area. Based on the series of SPI 3 , SPI 6 , SPI 12 and JDI, the parameters (including drought duration (D) and magnitude (M)) of the above drought events are reported in Table 3, taking Chengde station as an example. It can be seen in Table 3 Four cases with the drought categories based on SPI w (w ¼ 1, 2, …, 12) and JDI, as well as the corresponding 1-to 12-month precipitation, were selected and presented in Figure 3 .
As shown in Figure 3(a) , values of SPI at all time scales for June 1972 indicate severe and even extreme drought conditions due to serious precipitation deficits. The JDI that represents the joint deficit status also suggests an extreme drought for this case. In the case of July 1972 (Figure 3(b) ), the SPI 1 assigned to a wet class shows sufficient precipitation in this month, while the SPIs with other time scales reflect a drought state due to precipitation deficits in prior months.
The JDI takes the effect of preceding serious deficits into account, and reports a severe drought in this instance.
For December 1993 (Figure 3(c) ), SPI 1 reports a severe drought since hardly any precipitation was observed. However, other SPIs with longer memory cannot capture an emerging drought in a timely manner, showing above normal conditions. The JDI indicates a mild drought condition for this instance, demonstrating that the JDI not only can reflect the emerging drought but also has temporal memory for accumulated deficit. The SPI at the 12-month time scale is expected to involve the accumulated water deficit during the entire duration of drought and determines drought status in most sites (Figure 4(e) ), but its longer memory delays the response for the increased precipitation in recent months (October and November). The JDI, which reports normal status in most areas but determines mild to moderate droughts in the central part (Figure 4 (f) ), not only reflects the effect of precipitation supply in a timely manner, but also effectively considers the temporal memory for moisture deficit. These results support the conclusion that the JDI is capable of capturing both emerging and prolonged droughts in a timely manner, which is demonstrated by Kao & Govindaraju () .
Drought characteristics based on JDI
The frequency of drought occurrences for each drought category was calculated using JDI, considering the periods of 1959-1969, 1970-1979, 1980-1989, 1990-1999 and 2000-2011, and Table 4 . Based on the Z statistics of the MK test, a As a probability-based drought index, the JDI takes the effects of water deficits at various time scales into account, objectively reflecting the overall drought status. Compared with the SPI, the JDI can not only provide a more comprehensive drought assessment, but also characterize drought conditions more accurately. Moreover, the JDI constructed in terms of the joint cumulative probability is able to capture both emerging and prolonged droughts effectively, and is shown to be a flexible and appropriate tool for drought monitoring and assessment. In addition, the drought condition over the basin tends to be aggravating in August and September, with significant aggravating trends in the southeast. The occurrence and evaluation of droughts can be objectively described by the JDI, providing valuable information and references for developing regional mitigation strategies and water resources management.
The JDI constructed in this study is purely dependent on precipitation deficits over the time scales of 1 month to 12 months. However, under a drought condition, multiple moisture deficits could be observed in many other hydrologic variables (such as streamflow, soil moisture and reservoir storage), which are also varying with the time and spatial scales considered. Therefore, future studies should detect the dependence structures of these different types of deficits in a systematic manner, so as to construct an inter-variable drought index that is more representative for the joint behavior of regional droughts. Moreover, the drought forecast and risk assessment performed based on the JDI should be the subject of further study.
